The 10 January 2012 M w 7.2 Sumatra earthquake in the Wharton basin occurred 3 months before the great M w 8.6 and M w 8.2 earthquakes in the same region, which had complex ruptures and are the largest strike-slip earthquakes ever recorded. Teleseismic P wave back projection of the M w 7.2 earthquake images a unilateral rupture lasting ∼40 s without observable frequency dependency (low frequency, 0.05-0.3 Hz, high frequency, 0.3-1 Hz). In addition to radiation bursts during the M w 7.2 main shock, coherent energy releases from 50 to 75 s and from 100 to 125 s are observed about 143 km northeast of the main shock rupture and landward of the trench. Analysis of globally recorded P waves, in both 0.02-0.05 Hz velocity records and 1-5 Hz stacked envelope functions, confirms the presence of coherent sources during the time windows. The observed energy bursts are likely to be large early aftershocks occurring on or near the subduction interface. Both dynamic and static triggering could have induced these early aftershocks, as they initiated after the surface wave passed by, and the Coulomb stress perturbations from the M w 7.2 main shock promote earthquakes in the observed locations. The earthquake sequence is a clear example of a seaward-intraplate strike-slip earthquake triggering landward-intraplate earthquakes in the same region, in contrast to previously reported normal-reverse or reverse-normal interactions at subduction zones.
Introduction
Large earthquakes often involve complex fault interactions, in which ruptures can jump fault boundaries and trigger earthquakes not directly connected to the main shock. Both static and dynamic stress changes promote triggered earthquakes over a wide range of spatial and temporal scales [e.g., Harris, 1998; Kilb et al., 2000; Kilb, 2003; Lin and Stein, 2004; Toda et al., 2005] . For earthquakes occurring in active tectonic regions, multiple fault segments can rupture simultaneously or sequentially [e.g., Wald and Heaton, 1994; Ji et al., 2002a; Wei et al., 2011; Yue et al., 2012; Uchide et al., 2013] . At subduction zones, interactions among seaward-intraplate, landward-intraplate, and interplate faults often exhibit complex relationships [e.g., Lay et al., 2009; Li et al., 2009; Ye et al., 2012; Ruiz and Contreras-Reyes, 2015] . The northwest Sunda arc subduction zone is of particular current interest because five M w > 8 earthquakes have struck the region since 2004, beginning with the massive M w 9.2 2004 Sumatra earthquake. The Indo-Australian plate deforms as multiple rigid units [Minster and Jordan, 1978] , which might be responsible for the intricate intraplate and subduction earthquakes of the region [e.g., Robinson et al., 2001; Abercrombie et al., 2003; Antolik et al., 2006] . Therefore, understanding interactions among these faults is of great interest as a potential clue to infer seismic properties of the Sunda megathrust.
In 2012, three large strike-slip earthquakes with global centroid moment tensor (GCMT) magnitude [Ekström et al., 2012 ] M w 7.2, M w 8.6, and M w 8.2, reactivated old fracture zones and seafloor fabrics west of the Sumatra trench beneath the Wharton basin ( Figure 1 ). Source models of the M w 8.6 earthquake indicate the event ruptured at least four faults over 160 s [e.g., Wang et al., 2012; Yue et al., 2012; Satriano et al., 2012; Meng et al., 2012; Zhang et al., 2012; Ishii et al., 2013; Wei et al., 2013; Hill et al., 2015] . The M w 8.2 earthquake struck 2 h later, and the M w 7.2 earthquake occurred 3 months prior to the M w 8.6 earthquake. The epicenters of the M w 7.2 foreshock and M w 8.6 main shock are ∼30 km away (Figure 1 ) [International Seismological Centre, 2013] . The hypocenter depths are 20.9 km and 26.3 km for the M w 7.2 foreshock and M w 8.6 main shock [International Seismological Centre, 2013] , while the GCMT centroid depths vary from 23.7 km to 45.6 km, respectively [Ekström et al., 2012] . Aside from the location differences, the initial 15 s of the far-field recorded P waves of these two earthquakes bear few similarities ( Figure S1 in the supporting information). The dissimilar initial [International Seismological Centre, 2013] . Squares are events from the GCMT catalog of the region since 1979. The plate boundary is from Bird [2003] , trench axis is from Watts [2015a, 2015b] , and the subduction geometry is from Slab 1.0 with 20 km separation [Hayes et al., 2012] . The background bathymetry gradient is from Sandwell et al. [2014] and Garcia et al. [2014] . P waves and the location offsets of these two earthquakes suggest they might not have ruptured the same fault, as the fossil Wharton ridges can potentially form a set of strike-parallel fault systems in the region [Singh et al., 2011] .
Here we examine the M w 7.2 earthquake with far-field global and array seismic records. Using P wave back projection, we resolve that the quake ruptured unilaterally for about 40 s, propagating northwest. The results reveal a similar rupture pattern for two frequency bands (low frequency, 0.05-0.3 Hz, high frequency, 0.3-1 Hz). In addition, at 50 to 75 s and 100 to 125 s, we image coherent energy radiation originating landward of the trench, about 143 km northeast of the main shock rupture. The coherent energy radiators indicate triggering of large early aftershocks near the subduction interface. The imaged early aftershocks are also seen in global P waves in both 0.02-0.05 Hz velocity records and 1-5 Hz stacked envelope functions. The detected earthquake sequence is a rare case of seaward-intraplate strike-slip earthquake triggering landward-intraplate earthquakes, suggesting long-range fault interactions in the region.
The 10 January 2012 M w 7.2 Sumatra Earthquake
Great strike-slip earthquakes are rare and often involve perplexing rupture complexities [e.g., Ji et al., 2002a; Bouchon and Vallée, 2003; Dunham and Archuleta, 2004; Vallée et al., 2008; Walker and Shearer, 2009; Robinson, 2011; Kennett et al., 2014] . The 2012 Sumatra strike-slip earthquake sequence is particularly intriguing. First, the M w 8.6 and M w 8.2 quakes are the two largest strike-slip earthquakes that have been instrumentally recorded Duputel et al., 2012] . Second, the sequence happened beneath the Wharton basin, which is considered to be a diffuse deformation zone that is separating the Indian and Australian Plates [Wiens et al., 1985; Delescluse and Chamot-Rooke, 2007; DeMets et al., 2010] . Third, the centroid depths, including a M w 6.2 aftershock (15 April 2012), are all deeper than 20 km [Ekström et al., 2012; Wei et al., 2013] , suggesting the earthquakes occurred primarily in the mantle. The M w 7.2 Sumatra earthquake occurred west of Northern Sumatra and 423 km SW of Banda Aceh, Indonesia (2.43 ∘ N, 93.21 ∘ E, 20.9 km) [International Seismological Centre, 2013] . The GCMT [Ekström et al., 2012] source solution has strike 103 ∘ , dip 81 ∘ , and rake Figure 2b shows the stations used for back projection of the M w 7.2 earthquake.
−173 ∘ . The finite-fault model from the U.S. Geological Survey National Earthquake Information Center (NEIC), based on a W-Phase moment tensor solution, has strike 101.2 ∘ and dip 75.1 ∘ [Duputel et al., 2011; Hayes, 2011; Hayes et al., 2011; Ji et al., 2002b] . The finite-fault model suggests most of the displacement on the fault slipped above the hypocenter, and the moment rate function derived from the finite-fault model shows the rupture lasted for about 40 s.
P wave back projection [e.g., Ishii et al., 2005; Walker et al., 2005; Walker and Shearer, 2009; Koper et al., 2011; Kiser and Ishii, 2012; Yagi et al., 2012] is useful for resolving the spatiotemporal evolution of complicated earthquakes because it makes few prior assumptions about the fault geometry. The method has been successfully applied in mapping out complex ruptures [e.g., Kiser and Ishii, 2011; Fan and Shearer, 2015] and in detecting subevents and early aftershocks [e.g., Yao et al., 2012; Kiser and Ishii, 2013] . Here we apply a variation of the back projection approach we used to image the 2015 Nepal earthquake [Fan and Shearer, 2015] to the 2012 M w 7.2 Sumatra earthquake using teleseismic P wave vertical-component velocity records. Because of the less ideal azimuthal coverage of stations for the Sumatra event, and to avoid potential back projection artifacts due to polarity flips caused by focal mechanism rotations or differences during the rupture, we restrict our analysis to 89 stations located in Europe (Figure 2 ) and the Hi-net array located in Japan ( Figures S2 and S3 ) [Okada et al., 2004; Obara et al., 2005] . We grid the potential sources at 5 km spacing, within the latitude range 0.6 ∘ to 4.2 ∘ and longitude range 91.4 ∘ to 95.0 ∘ (400 km by 400 km). Following Xu et al. [2009] and Fan and Shearer [2015] , we filter the P waves into two frequency bands, 0.05-0.3 Hz (low frequency, LF) and 0.3-1 Hz (high frequency, HF), to assess possible frequency dependence in the seismic radiation images. Details about the back projection method and data processing are presented in the supporting information. No postsmoothing or postprocessing is applied to the images.
From integrated back projection images over ∼125 s (Figure 2) , the earthquake does not show frequency-dependent rupture behavior. Most of the radiated energy was released northwest of the epicenter with a concentration around the GCMT centroid location. Both LF and HF back projection snapshots imply a northwest unilateral rupture (0 to 25 s is denoted as P1, 25 to 50 s is denoted as P2, Figures 2b and 2d) , lasting for ∼40 s (Figure 3a) . The snapshots show a compact rupture around the epicenter as suggested by the NEIC finite-fault model. From 50 to 75 s (AE1) and 100 to 125 s (AE2), additional coherent energy bursts are observed landward of the plate boundary [Bird, 2003] and trench axis Watts, 2015a, 2015b] , well eastward of the main shock rupture (∼143 km, Figures 2 and S3) . The clear spatial separation between the first 50 s and the later energy bursts indicates the landward energy release comes from aftershocks. This landward region hosted three M5 earthquakes (Figures 1 and 2 ) with reverse-faulting focal mechanisms before and after the M w 7.2 quake, suggesting the region is capable of accumulating enough strain for earthquakes and the observed early aftershocks might share similar focal mechanisms with the M5 earthquakes. Analysis of far-field very long period seismic waves (first 5400 s, 2 mHz to 5 mHz) does not require a second source to explain the data, which suggests the magnitudes of the early aftershocks are significantly smaller than the M w 7.2 main shock ( Figure S4 ).
Theoretical resolution kernels, back projection of a M w 5.9 earthquake in the same region, and synthetic tests with depth phases indicate that these early aftershock images are well resolved and distinct from the main shock ( Figures S5 and S6 ). To further validate that they are true features, we examine globally recorded far-field P waves (i.e., not just the European stations used for the back projection) in two frequency bands beyond the bands used for back projection (0.02-0.05 Hz, Figure 3 and 1-5 Hz, Figure 4 ). We first azimuthally align the 0.02-0.05 Hz globally recorded P waves with empirical time-shift corrections [Houser et al., 2008] , then stack the self-normalized records within each 2 ∘ azimuthal bin, and finally normalize the stacks with station 10.1002/2016GL067785 numbers used for stacking of each bin (Figure 3b ). The aligned stacks show clear polarity shifts for the first 40 s at azimuths of ∼12 ∘ , ∼103 ∘ , ∼192 ∘ , and ∼283 ∘ , agreeing well with the moment tensor solutions [Ekström et al., 2012; Duputel et al., 2011] . If the observed early aftershocks in Figure 2 can be approximated as point sources, globally recorded seismograms should show energy pulses at the predicted arrival times from the 1-D velocity model used for back projection (IASP91) [Kennett and Engdahl, 1991] . With the peak energy burst location of 50 to 75 s (AE1), we then try to find the best rupture time that can explain the aligned seismograms. The theoretical arrivals from the inferred AE1 location with rupture times 52, 62, and 72 s are shown as colored crosses (Figure 3b) . The early aftershock AE1 can explain the pulses in the stacks at most azimuths (Figure 3b) , having an apparent duration of 20 s. The pulses associated with AE1 all share the same positive polarities, suggesting the focal mechanisms of the early aftershocks are likely reverse faulting rather than strike-slip faulting (Figure 3b ). Assuming the positive polarities are shared by all the stations, we implemented HASH Shearer, 2002, 2003] to grid search 5000 possible focal mechanisms of AE1. Limited by the station distribution, possible focal mechanisms are poorly determined with only polarity information. Resolved dips range from 18 ∘ to 72 ∘ , with mean and median 50 ∘ and 52 ∘ , respectively (Figure 3c ). Strikes cannot be determined, and rakes are consistent with a reverse-faulting focal mechanism. For the focal mechanisms of the three M5 earthquakes (Figure 3b, insert) , the predicted polarities of all the stations are positive, which further supports the likely reverse-faulting focal mechanism of the observed early aftershocks.
To test for coherent high-frequency energy bursts, we stacked envelope functions from 207 globally recorded P waves, filtered at 1-5 Hz (Figure 4a ). To account for time shifts due to differing source locations, the envelope functions are time shifted using the predicted arrivals of each target energy burst location before stacking (P1 and P2 for the first 50 s; AE1 and AE2 for 50 to 75 s and 100 to 125 s). The stacked function is then normalized with the station number. Although main shock coda decay dominates the stacks, clear pulses in the stacked envelope functions can be identified in the 50 to 75 s window (Figure 4a) . To reduce the strength of the main shock coda, we experimented with restricting the stack to records from the subset of stations that are near the main shock P wave nodal planes. When using only stations within 20 ∘ of the W-phase CMT nodal planes (36 stations), the 50 to 75 s pulses are more distinct in the stacked envelope functions (Figure 4b ) and an additional pulse near 110 s can be identified (Figure 4b ), confirming the 100 to 125 s energy burst observed in Figure 2d . Two nearby GEOFON stations (≤5 ∘ ) have S wave arrivals in their smoothed envelope functions at the time of the two early aftershocks ( Figure S6 ), preventing their detection of AE1 and AE2. The observed energy bursts (Figure 2 ) are unlikely to be artifacts or due to water phases. Because of the 25 s stacking window length, the depth phases do not bias the results very much ( Figure S7 ). Water phases would be insignificant for the M w 7.2 Sumatra earthquake because of the large depth and the shallow water layer of the region [Wiens, 1989] . Complex water reverberations usually show strong azimuthal dependence [Chu et al., 2011] , which is not observed in this case (Figure 4b ). Finally, global P wave spectra of the earthquake do not show resonance-frequency signatures due to a finite water layer ( Figure S8 ) [Zhan et al., 2014] .
Faulting Interactions
The detected early aftershocks (Figure 2 , 3, and 4) could have been triggered by both dynamic and static triggering. Because the spatial separation between the M w 7.2 main shock and the early aftershocks is around 143 km, strong near-field seismic waves can potentially activate the fault systems close to the trench, while the static stress changes could influence the systems as well [e.g., Kilb, 2003; Lin and Stein, 2004] . Such correlated seismic activities between fault systems have been observed in other trench areas, for example, the Kuril Islands [Ammon et al., 2008] , Japan trench [Lay et al., 2013] , Philippine trench [Ye et al., 2012] , and northern Tonga [Li et al., 2009] .
Rapid onset dynamic aftershock triggering usually coincides with large-amplitude seismic wave arrivals, for example, surface waves [e.g., Kilb et al., 2000] . Assuming the local surface wave speed is ∼3 km/s, the distance and the timing of AE1 (∼143 km, ∼50 s) strongly correlate with the surface wave arrivals. The distances from AE1 to the later parts of the M w 7.2 rupture range from ∼141 to ∼145 km (Figure 5 ), extending the shaking in the landward region around AE1 for about 40 s.
The static stress changes could either promote or prohibit aftershocks, depending on the local Coulomb stress changes [e.g., Lin and Stein, 2004; Toda et al., 2005] . With the NEIC finite-fault source model, we compute Coulomb stress changes induced on shallow reverse-faulting geometries (e.g., the nearby [Lin and Stein, 2004; Toda et al., 2005] . Distances from AE1 to M w 7.2 epicenter, centroid location, P1, and P2 ranges from ∼141 km to ∼145 km.
In Figure 5 , shear stress, normal stress, and Coulomb stress are calculated with Young's modulus 8.0 × 10 5 Pa, friction coefficient 0.4, and receiving fault geometry 332 ∘ /48 ∘ /97 ∘ (strike/dip/rake) of 20 April 2012b, M w 5.8 (Figure 1 ) at a depth of 20 km. Stress contours of Figure 5 show areas where the stress changes exceed 10 kPa. The Coulomb stress increase positively correlates with where we locate the early aftershocks ( Figures 5 and  S9 ), indicating static stress changes might be part of the driving forces triggering these events. However, the static Coulomb stress increase might be insufficient to induce fault failure for certain focal mechanisms ( Figure S9a ), leaving the importance of static stress triggering undetermined.
The 2012 seismicity of the region [International Seismological Centre, 2013] shows a high density of seismicity where we observe the early aftershocks (Figure 1 ). The GCMT catalog [Ekström et al., 2012] has a large concentration of seismicity close to the Sumatra trench (Figure 1 (Figure 1) , the steep dipping angles of the nodal planes suggest it is unlikely for the early aftershocks to occur at the shallowest portion of the megathrust. More likely, these events are intraplate earthquakes near the subducting slab. The landward seismicities in Figure 1 are mostly aftershocks of the M w 8.6 earthquake, suggesting it might be common for seaward-intraplate earthquakes to trigger landward-intraplate earthquakes in this region.
Conclusions
As revealed by teleseismic P wave back projection, the 10 January 2012 M w 7.2 Sumatra earthquake unilaterally ruptured northwest for about 40 s. We apply regional seismic network (European array) back projection to both low-frequency (LF, 0.05-0.3 Hz) and high-frequency (HF, 0.3-1 Hz) data to evaluate the energy radiation. Both frequency bands reveal similar rupture behavior, showing no frequency dependence. Besides the relatively compact rupture pattern around the hypocenter, there are coherent energy bursts at 50 to 75 s and 100 to 125 s observed landward of the trench. Combining global P wave velocity records (0.02-0.05 Hz) and 1-5 Hz stacked P wave envelope functions, we infer the observed energy bursts are early aftershocks rupturing within 2 min of the main shock. Both dynamic triggering and Coulomb stress perturbations over the region may have contributed to the occurrence of the early aftershocks. Our observations indicate that seaward-intraplate strike-slip earthquakes can trigger landward-intraplate reverse-faulting earthquakes in this part of the Sunda arc. Because such early aftershocks may be difficult to detect within the coda of larger earthquakes, it is unclear how commonly such triggering occurs.
